Abstract-The
to 400 kV, which is based on the measured and calculated voltage dependence of the divider. Therefore, KRISS's reference 400-kV capacitive divider was used as the transfer standard in the comparison of systems between KRISS and NRC. Thirdorder least square equations for voltage dependence, based on the 200-kV data averaged from the measured ratios and phase errors of the two 200-kV units, have been developed to provide a simple means of calculating the estimates of the measured ratios and phase errors when the transfer standard is configured for 400-kV measurements.
II. TRANSFER STANDARD
The transfer standard is a commercial 200-kV/400-kV capacitive voltage divider system consists of the two 200-kV capacitors C A and C B with a nominal capacitance value of 1000 pF and the low-voltage capacitor C L with a nominal capacitance value of 1421 nF. For 200-kV operation, either C A or C B may be connected in series with C L to form a 200-kV divider. For 400-kV operation, C A and C B are connected in series to form a 400-kV capacitor having a nominal capacitance value of 500 pF that is then connected in series with C L to form the 400-kV divider. The secondary output voltage of the divider at either 200 or 400 kV is nominally 140 V. Physical configurations for the 200-kV and 400-kV dividers are shown in Fig. 1 . 
III. CALIBRATION SYSTEMS
The calibration systems used for comparisons at KRISS and NRC are similar and based on an NRC-developed currentcomparator-based HV capacitance bridge (CCB HVCB) [1] with the basic uncertainty (k = 2) of 10 × 10 −6 . The KRISS system is a commercial version of the NRC CCB HVCB with the basic uncertainty (k = 2) of about double of that of NRC, i.e., 20 × 10 −6 . The calibration of a divider using the CCB HVCB comprises two step processes [2] - [4] . In the first step, the bridge is used to establish a ratio between the low-voltage capacitor C LS and the HV capacitor C HS , at a test voltage of a few hundred volts, to obtain ratio (N s /N x ) 1 . In this case, C LS and C HS were connected to the N x and N s windings of the bridge, respectively.
The second step is to exchange the connections of the two capacitors to the bridge windings and apply test voltages to obtain ratio (N s /N x ) 2 . Fig. 2 shows the basic circuit for the second step. In Fig. 2 , C H and C L are the HV and low-voltage capacitors, respectively, of the voltage divider. C HS is a SF 6 gas-insulated HV capacitor with a nominal value of 50 pF and a rated voltage of 300 kV at KRISS and a rated voltage of 500 kV at NRC. C LS is a gas-insulated low-voltage capacitor with a dissipation factor of less than 10 −5 and a nominal value of 3 nF at KRISS and 1 nF at NRC.
At KRISS, to minimize the loading effect on the voltage divider due to the low-voltage reference capacitor C LS , unitygain buffer amplifier A was used in series with C LS , as shown in Fig. 2 . The complex ratio of the actual primary voltage V p for the actual secondary voltage V s of the divider in the two-step process is given by
where V s is the output voltage of buffer amplifier A. (N s /N x ) 1 and (N s /N x ) 2 are the ratio dial setting values obtained from the first and second steps of measurements, respectively.
corresponds to the actual measured ratio R of the divider, including the buffer amplifier. D is the dissipation dial setting value corresponding to the phase error β of the divider under test. Therefore, the ratio and the phase error of the divider are obtained from the two-step measurements in the CCB HVCB. The actual gain V s /V s of the unity-gain buffer amplifier was calibrated using the same CCB HVCB, as shown in Fig. 3 .
The actual gain V s /V s of the unity-gain buffer amplifier is obtained through the two steps of measurements with and without the buffer amplifier as follows:
V s and V s are the input and output voltages of buffer amplifier A, respectively. (N s /N x ) with buffer and (N s /N x ) without buffer are the ratio dial setting values obtained from the measurements with and without the buffer, respectively, as shown in Fig. 3 .
Ratio R of the divider itself using (1) and (2) becomes the following:
At NRC, no unity-gain buffer amplifier was used. Instead, the loading effect on the voltage divider by the low-voltage capacitor C LS was checked/evaluated by connecting a capacitor with a capacitance value of the same order of magnitude as C LS in parallel with C L and connected to ground. The changes in the balance readings of the bridge were then observed and accounted for as a correction due to the loading effect. Measurements of the ratio and phase errors in each 200-kV unit and the 400-kV divider, which was assembled from the 200-kV capacitors, were based on an average of three sets of measurements.
The overall/total estimated uncertainty (k = 2) of the measurements at NRC and KRISS encompasses type-B and type-A (i.e., measurement variance) uncertainties. It is primarily determined by the type-A uncertainty since the basic type-B uncertainty of the NRC and KRISS calibration systems are relatively small, as compared with the Type-A uncertainty obtained during testing. Type-A and type-B uncertainties are within 10 × 10 −6 for both in-phase (ratio) and quadrature (phase) components and 20 × 10 −6 for both in-phase and quadrature components, respectively.
The sources of uncertainties in the measurements are the ratio stability of C LS /C HS , the voltage dependence of the HV reference capacitor C HS , temperature effects, and proximity [5] . The factors affecting the calibration uncertainties for this divider are considered and shown in Table I . The uncertainty due to the proximity effect is not included and discussed separately in Section V, where its effect is most prominent when measuring the 400-kV divider. In general, the proximity effect would already be embedded in the measured ratio and its type-A uncertainty. The combined standard uncertainty u c is represented as a root sum of squares of the individual uncertainties. The expanded uncertainties were obtained by assuming a normal distribution and multiplying the combined standard uncertainty by a coverage factor of k = 2. Table I shows a summary of the uncertainties. Table I indicates that the overall expanded uncertainty (k = 2) of the measurements at both laboratories of NRC and KRISS are basically of the same order, i.e., one could consider that their measurement uncertainties are similar within 200 × 10 −6 for the ratio and 200 μrad for the phase. Measurements were performed at NRC and KRISS on different days at temperatures ranging from 20
• C to 24
• C. The industrial setting where the KRISS 400-kV measurements were performed did not permit accurate estimates of the temperature coefficient of the divider. At the NRC laboratory, the laboratory temperature was measured before and after each set of measurements, at a single location, using a calibrated platinum thermometer. Based on the observed readings of this thermometer, the reported NRC measurements were performed at a temperature of 21.6
• C−0.5 • C. Owing to the physical size of the laboratory environment at both NRC and KRISS, temperature gradients were very likely present at the different test laboratories, and in practice, the actual uncertainty of temperature could be larger. However, it should be noted that the effect of temperature on the measurements of ratios and phases would be embedded in the type-A uncertainties, as shown in Table I .
A temperature coefficient of about −150 × 10 −6 / • C for the divider ratio was estimated from the aforementioned NRC measurements. Similarly, a temperature coefficient of about 150 μrad / • C was estimated for the divider phase error. Therefore, the uncertainty due to the temperature effect would only be due to the temperature stability of 0.5
• C during the test, which would be 75 × 10 −6 for the ratio and 75 μrad for the phase, as shown in Table I .
IV. COMPARISON RESULTS
Measurements of the ratio and phase errors in each 200-kV unit were done at 20%, 40%, 60%, 80%, and 100% of 200 kV. These measurements were done at a test frequency of 60 Hz with no load and a resistive burden of 1 MΩ at the secondary output terminals. The comparison results with no load and a burden of 1 MΩ are basically similar. Therefore, only the comparison results with 1 MΩ are shown. Table II shows the measured ratios and phase errors with the 1-MΩ load connected in parallel with the secondary output voltage terminals for 200-kV unit A. Table II shows the differences in the measurement results of ratio and phase errors between that of KRISS and NRC at a 1-MΩ load were not more than (0.13/1440) = 90 × 10 −6 and 282 μrad, respectively. Table III represents the test results of the comparison for 200-kV unit B. It can be seen that the differences in the measurement results of ratio and phase errors between that of KRISS and NRC at 1 MΩ load were not more than (0.20/1473) = 136 × 10 −6 and 157 μrad, respectively. The differences of the measurement results, as shown in Tables II and III , are within the combined measurement uncertainties of less than 400 × 10 −6 for the ratio and less than 400 μrad for the phase at both KRISS and NRC laboratories, as shown in Table I .
Measurements of ratio and phase errors in cascade for 400 kV at KRISS were done at 20%, 40%, 60%, and 80% of 400 kV. The KRISS 400-kV measurements were done on site, approximately six months later, using a HV source of a local power transformer manufacturer at a test frequency of 60 Hz with only a resistive burden of 1 MΩ connected in parallel with the secondary output terminals. The NRC 400-kV measurements of ratio and phase errors in cascade for 400 kV were done at 20%, 40%, 60%, 80%, and 100% of 400 kV.
The results of the comparison of the 400-kV capacitive voltage divider at the different test voltages up to 80% of rated voltage are shown in Table IV . In Table IV , it can be seen that the differences in the measurement results of ratio and phase errors between that of KRISS and NRC at a 1-MΩ load were not more than (1.24/2917) = 425 × 10 −6 and 408 μrad, respectively.
These results indicate changes in the measured ratio and the phase error between KRISS and NRC, which are attributed to typical long-term instability and repeatability characteristics of the divider components.
In addition, the 400-kV divider exhibited changes, which were attributed to the 400-kV divider's increased sensitivity to on-site environmental conditions within the HV test laboratory, such as stray capacitance [6] , [7] and additional temperature variations during 400-kV measurements that were performed at the domestic company. Comparable results at both laboratories demonstrate that when performing measurements in a stable laboratory environment to establish divider ratio characteristics for the purpose of using this divider for subsequent calibration purposes, this divider can yield measurement uncertainties in the order of 0.02%, as shown in Table I . In practice, however, when using this divider on site as a reference standard, in addition to the type-A measurement variance for a device under test, additional uncertainties, including those which are attributed to temperature stability and thermal gradients, and possible long-term stability of the divider will also contribute to the overall combined measurement uncertainty budget for a device under test. Table V shows the estimated expanded uncertainty (type B) for the divider when used on site as a reference divider/standard by KRISS. For the intended purpose of this table, the temperature stability and thermal gradients are combined to form a single value. This table includes the calibration uncertainties for the divider itself in Table I (i.e., 200 × 10 −6 for the ratio and 200 μrad for the phase) and a combined estimation of the effect of long-term stability and proximity to nearby objects, based on the worst case difference in the measured ratio and the phase error between the two laboratories in Table IV (i.e., 425 × 10 −6 for the ratio and 408 μrad for the phase). This worst case difference can be considered to be one of the type-B uncertainty components (k = 2) in Table V because it represents the difference between the measurement results in a controlled laboratory environment and those in an industrial setting six months apart, due to the combined effects of longterm stability and proximity to nearby objects. The temperature stability during the on-site calibration is estimated to be about 1
• C. By measuring the temperature on site before and after each set of measurements, the temperature variation could be accounted for. Therefore, the uncertainty due to the temperature effect would only be due to the temperature stability of 1
• C (150 × 10 −6 / • C) during the test. Table V indicates that the type-B overall expanded uncertainty (k = 2) of the divider when used as a reference divider for on-site measurements/calibrations is estimated to be 0.054% for the ratio and 0.054 crad for the phase. This in turn means that the divider could be used as a reference divider for on-site measurements with an uncertainty of about 0.05% for both the in-phase (ratio) and quadrature (phase) components.
Although an uncertainty of about 0.05% for both the inphase and quadrature components for a reference divider would be sufficient for most industrial applications, an alternative approach is sought that would result in a reduced uncertainty of the reference divider.
Of particular interest to KRISS is the possible use of lower voltage (40-200 kV) measurements for extrapolating the divider performance at voltages up to 400 kV. Since KRISS has a HV source that is limited to 200 kV, it would be ideal if a method of extrapolating divider performance at voltages up to 400 kV, which would not impact uncertainty budgets, could be realized. This would reduce the size of equipment that would be required to measure the divider ratio on site prior to its use as a calibration standard. In this way, the uncertainty associated with long-term stability and proximity effects could be eliminated from the uncertainty budgets since its impact would be embedded in the measured on-site ratio and phase characteristics of the divider. A method where the 400-kV ratio of the divider is measured at a relatively low voltage, e.g., 20% or 80 kV, and using third-order least square equations that were derived from voltage coefficient characteristics of the two 200-kV dividers to extrapolate the divider performance at voltages up to 400 kV with better measurement uncertainties is described in the following.
V. DISCUSSIONS
Ratio R A+B of the 400-kV capacitive voltage divider is a function of C A and C B , which are the two 200-kV units that form the HV arm of the 400-kV divider when connected in series and C L , i.e., the low-voltage arm of the divider. The ratio is theoretically given as follows [6] , [7] :
where C A+B is the series capacitance of C A and C B , and R A and R B are the 200-kV divider ratios that are measured when either C A or C B is used, respectively, to form a 200-kV divider. The theoretical ratios of the 400-kV divider, which are obtained using (4) , are compared with those measured by KRISS and NRC, as shown in Tables VI and VII, respectively. Tables VI and VII indicated a relatively larger value in the measured ratios than the theoretical ratios for both KRISS and NRC. This is attributed to differences in the distributed capacitance values that exist for the 200-kV and 400-kV divider configurations and the stray capacitance values due to proximity effects to nearby objects, owing to the unshielded design of a HV divider. The stray nature of these effects are difficult to quantify but is proportional to proximity to nearby objects.
One source of stray capacitance effects that can be estimated (and one that might be used for determining other proximity effects) is that which exists between the HV arm of a 200-kV divider and the ground plane that the divider rests upon and which impacts the divider characteristics to some degree.
The theoretical 400-kV divider ratio R A+B(theo) is calculated from the measured ratios of the two 200-kV divider configurations that use either C A or C B , as shown in equation (4) . However, the 400-kV configuration requires either C A or C B to be physically raised above the ground plane when connected in series, thus impacting the distributed/stray capacitance that This results in a decrease in the effective capacitance C A+B for the 400-kV configuration and, consequently, a larger measured divider ratio. This overall effect is approximately (5/2916) = 0.17%, which is equivalent to about 1 pF of stray capacitance with respect to the nominally 500-pF capacitance value of the combined series capacitance C A+B . The differences of R A+B (theo) − R A+B (meas) at KRISS and NRC differed by approximately 0.04%. These relatively small differences may be attributed to different proximity effects (i.e., stray capacitance) that exist in both laboratories, although variations related to temperature and long-term stability cannot be discounted.
In order to minimize the uncertainties due to the effects of proximity effects (stray capacitance) and temperature, it is important that the divider be located as far as possible from neighboring objects and its ratios be measured before and after tests at the location where the divider is to be used as a calibration standard/reference for further measurement applications, i.e., either on site or in house. Changes in ratio measurements before and after tests can be accounted for as corrections.
Since the KRISS HV laboratory has a HV source that is limited to 200 kV, it becomes necessary to establish a means to determine reliable and accurate estimates of the ratio and phase errors of the 400-kV divider through its entire operating range.
Although the 200-kV dividers are very similar in design/construction, the measurements of ratio and phase errors showed some minor differences in the performance characteristics for both dividers. However, the voltage-dependent characteristics of the 400-kV divider, which is assembled from the two 200-kV capacitors, would be a function of the voltagedependent characteristics of both 200-kV capacitors. To determine if a better correlation could be made between the 200-kV divider performance and that of the 400-kV divider, the measured results for the two 200-kV units were averaged.
Ideally, the profile of the ratio and the phase error for the averaged two 200-kV dividers would be sufficiently similar to those of the voltage-dependent characteristics of the 400-kV divider, i.e., when appropriately scaled using the data of the two 200-kV dividers, there should be good agreement between the measured and calculated performance characteristics of the 400-kV divider. The third-order least square equations for voltage dependence, based on the 200-kV data averaged from the measured ratios and phase errors of the two 200-kV units, would provide a simple means of calculating estimates of the measured ratios and phase errors when the transfer standard is configured for 400-kV measurements. The third-order least square equations for ratio and phase errors are shown in (5) and (6), respectively.
where v is the percentage of rated voltage. SF R and SF P are the scaling factors for ratio and phase errors, respectively, when the equations are used for 400-kV measurements. The scaling factors are normalized at 20% of rated voltage. For example, SF R is the measured ratio at 20% of rated voltage of the 400-kV divider divided by the averaged ratio measured at 20% of rated voltage of the two 200-kV dividers. SF P is the measured phase error at 20% of rated voltage of the 400-kV divider divided by the averaged phase error measured at 20% of rated voltage of the two 200-kV dividers. Table VIII (a) and (b) shows a summary of the ratio and phase data, respectively, with a burden of 1 MΩ, based on the voltage-dependent equations derived from the NRC 200-kV average measurements of the two 200-kV dividers and applied to the 400-kV ratio and phase measurements made at NRC and KRISS.
The corresponding scaling factors for 400-kV operation are shown on the bottom parts of Table VIII(a) and (b).
In Table VIII (a), the scaling factor SF R for the NRC ratio measurement of the 400-kV divider is 2916.03/1455.75 = 2.003112. Using this scaling factor, all average 200-kV data can be converted to estimated 400-kV ratio data, as shown in Table VIII differs from the phase error measured at NRC by not more than (1674 − 1820) μrad = −146 μrad, whereas the difference between the NRC estimated phase error of the 400-kV divider based on the NRC 200-kV average equation and the phase error measured at KRISS was not more than (1224 − 1115) μrad = 109 μrad. Fig. 4(a) shows also a comparison between NRC measured and NRC estimated ratios, as shown in Table VIII (a). The inset in Fig. 4(a) is the relative error between measured and estimated ratios. Meanwhile, Fig. 4(b) represents a comparison between NRC measured and estimated phase errors, as shown in Table VIII(b). The inset in Fig. 4(b) is the difference between measured and estimated phases.
Similar summary tables were also derived for the voltagedependent equations, based on the KRISS 200-kV average measurements, as shown in Table IX (a) and (b). The overall results of KRISS estimation agree with those of NRC estimation, as shown in Table VIII (a) and (b), within the uncertainty of the measurements.
Therefore, the third-order voltage-dependent equation based on the least square method derived from the NRC/KRISS 200-kV ratio and phase measurements could be used to allow the KRISS 400-kV divider be used up to 400 kV as a reference 400-kV divider with an uncertainty of not more than 200 × 10 −6 , i.e. 0.02%, for both the in-phase (ratio) and quadrature (phase) components. Because the 400-kV divider may be calibrated in situ at a fraction of 400 kV, uncertainties that are attributed to long-term stability and proximity effects may be removed from the uncertainty budget, which in this case were 425 × 10 −6 for the ratio and 408 μrad for the phase. For on-site calibrations, two approaches have been presented for determining uncertainty budgets.
One approach is to take into account uncertainties due to long-term stability, proximity effects (including any stray capacitance) and temperature effects when the 400-kV divider is used as a reference divider for on-site calibrations resulting in uncertainties of about 0.05% for both the in-phase (ratio) and quadrature (phase) components.
The other approach is to use the third-order voltagedependent equation based on the least square method derived from the 200-kV test data either at NRC or KRISS to allow the KRISS voltage divider be used as a reference voltage divider up to 400 kV with an uncertainty of not more than 200 × 10 −6 , i.e. 0.02%, for both the in-phase (ratio) and quadrature (phase) components. This means that for a test uncertainty ratio ≥ 4 [8] , the KRISS voltage divider could be used as a reference ac measuring system for in-house/on-site calibrations of industrial HV measurement systems with uncertainties of ≥ 0.1% under well-controlled conditions.
